type residue and numbered position in the sequence, followed by the amino acid substitution. For example, D27S DHFR Department of Biochemistry, University of Tennessee, Knoxville, TN describes the Asp27 → Ser substitution. BB, ∆137 and V136P USA ϩ ∆137 DHFRs describe enzymes with the human β-blowout 1 To whom correspondence should be addressed sequence inserted into the E.coli DHFR β-bulge area, the deletion of residue 137 and the deletion of residue 137 The role of a β-bulge in Escherichia coli dihydrofolate accompanied by a V136P mutation, respectively.) reductase (DHFR) has been explored by a series of insertion DHFR catalyzes the NADPH-dependent reduction of 7,8-and deletion mutations. Insertion of a seven amino acid dihydrofolate (DHF) to 5,6,7,. DHFR sequence from a structurally equivalent 'β-blowout ' has been the subject of extensive studies with respect to its sequence from human DHFR destabilizes E.coli DHFR by 3.6 kcal/mol and decreases catalytic efficiency (k cat /K m ) three-dimensional structure (Bystroff et al., 1990 ; Falzone 34-fold. Deletion of F137, ∆137, the looped out residue Bystroff and Kraut, 1991; Reyes et al. , the bulge, also destabilizes E.coli DHFR by 2.8 kcal/mol 1995; Epstein et al., 1995) , kinetic mechanism (Fierke et al., but only decreases catalytic efficiency threefold. Concurrent 1987; Chen et al., 1994; Falzone et al., 1994) and folding deletion of F137 and mutation of V136 to proline to try properties (Touchette et al., 1986; Kuwajima et al., 1991). and maintain the strand twist associated with the β-bulge
Introduction DHFR have been identified and found to occur in or near a β-bulge region Brown et al., 1993 ; Dion A β-bulge occurs when an additional amino acid is inserted et al., 1993) . The second-site mutations correspond to F137S, into a β-strand and the normal hydrogen-bonding pattern is F153S or I155N. Both F137 and I155 are members of a classic disrupted. The bulge occurs between two consecutive β-strand β-bulge, with F137 being the inserted residue; F153 is nearby. hydrogen bonds and includes two residues on one strand D27S ϩ F137S, D27S ϩ F153S and D27S ϩ I155N double opposite a single residue on the other strand (Richardson et al., mutant DHFRs display 2-3-fold increases in k cat over D27S 1978). Chan et al. (1993) have classified and identified five DHFR values; additionally, the D27S ϩ F153S and D27S ϩ types of β-bulges from a set of 182 protein chains (362 bulges) F137S mutations decrease the K m for DHF 2-3-fold. However, and determined two main changes in β-sheet structure. First, the double mutant proteins do not approach wild-type (wt) β-bulges disrupt the normal alternation of side-chain direction activity. Several observations indicate that conformational and second they cause the twist of the β-sheet to be accentuated. changes occur in the D27S ϩ F153S and D27S ϩ I155N The role of β-bulges is not clear; however, they may facilitate DHFRs, including altered mobilities on native PAGE gels, insertions or deletions in β-strands or position crucial residues changes in circular dichroism spectra and for the D27S ϩ by accentuating the local twist of the strands (Richardson F137S mutant, some minor alterations in the X-ray structure et Shortle, 1990, 1992) . The extra (Brown et al., 1993; Dion et al., 1993) . residue lengthens the backbone and induces the strand to
The partial ability of the above three mutations to suppress protrude out of the plane of the sheet. Generally there are the effect of the D27S lesion is surprising as all three mutations more than two bulges per protein, making this an important occur on the surface of the protein, 8-15 Å away from the element in protein structure (Chan et al., 1993) . To investigate active site. They would not have been predicted to affect the the role of a classic β-bulge at positions 136, 137 and 155 in catalytic efficiency from this position in the structure. This E.coli dihydrofolate reductase (DHFR), a set of deletion and region of the protein is likely to be structurally important, as insertion mutations have been constructed. (Mutant enzymes containing amino acid substitutions are described by the wildthe bulge is conserved in bacterial DHFRs while in human and chicken DHFRs, it becomes a β-blowout (the insertion of into E.coli strain SK383 (Zieg et al., 1978) , as there was little six amino acids).
or no growth when they were transformed into the ∆fol::kan This β-bulge in E.coli DHFR was chosen for further investistrain. One possible explanation for this observation is the gation by insertion and deletion mutations. Recently there have mutant proteins are unstable and cannot rescue the cells from been several studies on the effects of insertion mutations into fol end product auxotrophy. The SK383 cells containing the protein structure and, in the majority of the cases, the insertions mutant DHFR genes were grown at 37°C for 24-48 h in TB are generally well tolerated in loop regions and to a lesser containing 200 µg ampicillin/ml and 10-20 µg trimethoprim degree within other secondary structures (Starzyk et al., 1989;  (TMP). When TMP was not added to the media and the cell Shortle, 1990, 1992; Heinz et al., 1993; Kavanaugh lysates were electrophoresed on SDS-PAGE or non-denaturing et al., 1993; Keefe et al., 1993 Keefe et al., , 1994 . The X-ray crystal gels (activity stained), no DHFR was observed. TMP apparently structure of a double glycine insertion into a β-stand in binds to these mutant DHFRs and stabilizes them so they can staphylococcal nuclease indicates the insertion is accommodbe purified. The purification scheme for these mutant DHFRs ated by a special three residue β-bulge (Keefe et al., 1994) .
utilizes a methotrexate affinity column (Baccanari et al., 1981) . Other mutant proteins containing insertions in α-helices have
The column was equilibrated with PE buffer (50 mM potassium been crystallized and also show the formation of residues phosphate and 1 mM EDTA, pH 7.0). The wt mutants were bulging out of the helix while maintaining a similar conformaeluted with 0.2 M sodium borate, 1 M KCl, 1 mM EDTA and tion (Kavanaugh et al., 1993; Keefe et al., 1993) . However, 1 mM folate at pH 9.0. The D27S ϩ ∆137 DHFR was eluted to our knowledge, a natural β-bulge has never been deleted with a 0-0.8 M KCl gradient. To remove bound folate, the from a protein. Potentially to remove this β-bulge, F137 has protein fractions were applied to a DEAE-Sephacel column been deleted from the wild-type (∆137) and D27S DHFRs equilibrated with TE (10 mM Tris, 1 mM EDTA) at pH 7.2 (D27S ϩ ∆137). In addition, F137 has been deleted and V136
and eluted with a KCl gradient. These proteins eluted at changed to a proline (V136P ϩ ∆137); this double mutation different salt concentrations than wt DHFR, thus any contaminmay twist the stand as the bulge does. Finally, the β-blowout ating wt DHFR from proteins expressed in E.coli SK383 strain from human DHFR has been inserted into the bulge region of was removed. Protein was stored as a precipitate in ammonium E.coli DHFR (BB and D27S ϩ BB).
sulfate. The latter was removed by dialysis and the protein used within 24 h. Within this time frame, the enzyme activity Materials and methods remained constant.
Construction of mutant DHFRs
Steady-state kinetics Site-directed mutagenesis was used to construct the ∆137, Steady-state kinetic data were obtained as described previously D27S ϩ ∆137, V136P ϩ ∆137, BB and D27S ϩ BB mutant (Dion et al., 1993) . Assays were performed at 30°C in a DHFRs by the method of Kunkel et al. (1987) as outlined in polybuffer containing 44 µM imidazole, 33 µM succinic acid, the Muta-Gene kit from Bio-Rad. Clones of wt and D27S 44 µM diethanolamine and 10 mM β-mercaptoethanol (Ellis DHFR genes carried in M13mp8 have been described previand Morrison, 1982) . DHFR was preincubated with either ously (Villafranca et al., 1983; Howell et al., 1986) . Three DHF or NADPH prior to initiation of the assay to avoid any different oligonucleotides, 5Ј-CATCGTGGAATTCGCTCGAhysteretic behavior, due to the existence of two conformations TTCCCAGTCATC-3Ј (∆137), 5Ј-CATCGTGGAATTCGCTof the apo-enzyme (Penner and Frieden, 1985) . K m values for CGGCGATTCCCAGTCATC-3Ј(V136P ϩ ∆137) and 5Ј-DHF were obtained by maintaining NADPH at saturating TCAGCATCGTGGAATTCAGAGCTCAGAACACCCGGGconcentrations and varying DHF at subsaturating concentra-TATTCCGGTACCGATTCCCAGTCATC-3Ј (β-blowout) were tions or by varying both substrates at subsaturating levels. K m synthesized at the University of Tennessee Molecular Biology values for NADPH were determined by the latter method. Resources Facility and used in the mutagenesis reaction. The Non-linear regression (ENZFIT, Elsevier Science) was used entire genes were sequenced to confirm that no other mutations to determine both k cat and K m values. Secondary plots were had occurred. Surprisingly, the D27S ϩ ∆137 DHFR gene calculated according to Cleland (1963) . was obtained utilizing the following oligonucleotide 5Ј-GAATConcentrations were determined using extinction coefficients TCGCTC(G)A(G,C,T)A(G,C,T)TACCGATTC-3Ј (F137 to all of 28 000 M -1 cm -1 at 282 nm for DHF and folic acid (Blakley, amino acids) and screening for increased resistance to trimetho-1960) and 6220 M -1 cm -1 at 340 nm for NADPH (Horecker prim (TMP) , an active site inhibitor.
and Kornberg, 1948) . The molar extinction coefficient used Protein purification to assess DHFR reduction of DHF was 12 300 M -1 cm -1 (Baccanari et al., 1975) . Enzyme concentrations were deterThe mutated ∆137 and D27S ϩ ∆137 DHFR genes were mined by biuret assays and all proteins were homogeneous cloned from M13mp8 into the pUC8 plasmid to increase according to SDS-PAGE. protein expression levels. Plasmid DNA was transformed into Formation of NADPD, used for determining isotope effects, a ∆fol::kan strain of E.coli where the chromosomal DHFR involved the reaction of alcohol dehydrogenase from Leuconosgene was replaced with a kanamycin resistant marker (Howell toc mesenteroides (Boehringer Mannheim) on 1, 1-dideuterioet al., 1988) . E.coli cells containing the cloned genes were ethanol (MSD Isotopes) and NADP ϩ (Sigma). This reaction grown in a modified version of TB media (Tartof and Hobbs, was coupled with NADP ϩ aldehyde dehydrogenase (Sigma) 1987). Cells were grown to stationary phase in the presence to allow the reaction to approach completion (Stone and of 200 µg of ampicillin/ml and 50 µg kanamycin/ml and lysed Morrison, 1984; Howell et al., 1987) . The dehydrogenases by sonication. These proteins were then purified to homogeneity were removed from NADPD by ultrafiltration through a YM-(as determined by SDS-PAGE) on Sephadex G-75 and DEAE-10 membrane. Chromatography on a DEAE-Fractogel column Fractogel columns described as previously (Villafranca et al., (0-0.4 M KCl gradient) removed any unreacted NADP ϩ . 1983; Howell et al., 1990) . The D27S ϩ BB, BB and V136P ϩ ∆137 DHFR genes were cloned into pUC8 and transformed NADPD was subsequently desalted by chromatography on a Bio-Gel P-2 column and lyophilized. The A 260 /A 340 ratio of Equilibrium unfolding any pooled fractions was Ͻ2.2.
Equilibrium unfolding was monitored as a function of urea concentration by fluorescence spectroscopy on a Perkin-Elmer Rapid kinetics LS-5B fluorimeter. The emission spectra for the DHFRs Pre-steady-state kinetic measurements were performed at 25°C (excitation 290 nm) were measured from 300 to 450 nm at as described previously (Fierke et al., 1987; Dunn et al., 1990;  each denaturant concentration (between 10 and 7.5 M urea). Dion et al., 1993) . Data were collected on a modified AmincoMeasurements were carried out at 25°C in 0 mM potassium Bowman DW-2 UV/Vis spectrophotometer with a stopped phosphate buffer (pH 7.0) using protein concentrations of 2.5-flow attached using an Analog Devices RTI 815 A/D converter 10 µM. Urea concentrations were determined by refractive for digitization of data (Bradrick and Georghiou, 1987;  index measurements and equations relating refractive index to Sekharam et al., 1991) . The dead time of this system was concentration (Pace et al., 1990) . 3 ms. An excitation wavelength of 290 nm was obtained For each emission spectrum the intensity-averaged emission using a 10 nm bandpass interference filter (Schott). The wavelength ϽλϾ, was calculated using the equation decrease in DHFR fluorescence accompanying NADPH binding was monitored using a Corning 7-39 filter. The final protein ϽλϾ ϭ Σ(I i λ i )/Σ(I i ) (3) concentration was 0.4 µM. Fast and slow phases associated with NADPH binding were readily separated and recorded where I is intensity and λ is the wavelength and ranges from independently (0-180 ms vs 0-300 s time intervals). The fast 300 to 450 nm. This value considers changes not only in the rate was analyzed by a single exponential decay followed by position of the spectrum but also its shape and is therefore a linear rate: less prone to instrumental noise than single-wavelength measurements since it is an integral measurement (Royer et al., F(t) 
(1) 1993). More recently, Eftink (1994) has suggested measurement where F(t) is the fluorescence intensity as a function of time, of emission wavelength may not track individual species if A is the amplitude of the quench, k obs and k a are the exponential the quantum yields of the native and unfolded states are very and linear rates and B is the final fluorescence. The linear rate dissimilar. Fluorescence intensity measurements should be corrects for the small contribution of the slow rate on the fast monitored instead as they track individual species. However, time-scale. The slow rate was analyzed by a single exponential for wt DHFR, the fluorescence intensity does not change decay only and the first two data points (i.e. any contribution dramatically (factor of 1.2) for 0 vs 7.5 M urea conditions and from the fast phase) out of a total of 1000 data points were we find large errors are associated with fitting data describing excluded. A non-linear least-squares fitting program using a either total intensity or intensity at a fixed wavelength. Finally, Marquardt algorithm was employed for data analysis.
the ∆GH 2 O values obtained by fitting the intensity-averaged Two interconvertible conformations of apo-DHFR exist (E 1 emission wavelength correlate well with values previously and E 2 ); however, NADPH binds to only one of these forms reported using intensity measurements (Touchette et al., 1986) . (E 1 ) with high affinity (Cayley et al., 1981) . The fast phase in
The Gibbs free energy change between native and unfolded fluorescence quenching describes binding of NADPH to E 1 DHFR is calculated by a non-linear least-squares fit to the and the slow phase the interconversion of E 2 to E 1 followed equilibrium data using the following equation: by binding of NADPH to E 1 . The observed rate constant for the fast phase quench is described by the equation
where k on and k off are association and dissociation rate conwhere [D] is the denaturant concentration, X [D] is the value stants.
of the spectroscopic property (intensity-averaged emission In a second independent method used to determine k off , wavelength) at some denaturant concentration, X N and X U are fluorescence energy transfer was monitored in competition values for the native and unfolded forms of the protein which experiments (Dunn et al., 1978) . Binding of NADPH to DHFR have been linearly extrapolated to [D] ϭ 0, m N and m U are results in an increase in fluorescence at 450 nm due to energy the slopes of the pre-and post-transition regions, respectively, transfer from the protein to NADPH. For the competition ∆GH 2 O is the apparent free energy difference between native experiments, E·NADPH complex (1 µM enzyme preincubated and unfolded protein in the absence of urea, m G is the slope for 20 min with 3 µM NADPH) was mixed with a large excess describing the dependence of ∆G on denaturant concentration, of NADP ϩ (0.5-2 mM). When NADPH dissociates from R is the gas constant and T is the absolute temperature (Santoro E·NADPH, excess NADP ϩ binds to free E and the rate of and Bolen, 1988) . If the standard error of a pre-or postdecrease in energy transfer describes k off for NADPH. The transition slope exceeded the value of the slope, it was excluded decrease in fluorescence energy transfer was monitored using from the equation. The midpoint of the transition was obtained a Corning 3-71 filter. All measurements were carried out at by dividing ∆GH 2 O by -m G . pH 7.0 in buffer containing 50 mM Tris, 25 mM Mes, 25 mM
The data for each DHFR were scaled from 0 to 1 to aid acetic acid, 10 mM β-mercaptoethanol and 100 mM NaCl.
comparison using the following equation: For hydride transfer experiments, a solution of enzyme and NADPH was mixed with DHF to yield final concentrations of (Fierke et al., 1987) .
native and unfolded forms of the protein.
Circular dichroism the D27S DHFR gene do not grow under these conditions; this result correlates with the increase in the apparent secondCircular dichroism spectra of 10 µM protein in 10 mM order rate constant [k cat /K m(DHF) ]. The increase in k cat /K m(DHF) potassium phosphate buffer (pH 7.0) were obtained at 22°C for the D27S ϩ ∆137 DHFR indicates that deleting residue using a Jasco J720 spectropolarimeter. For each sample, 10 137 acts to suppress partially the D27S lesion. However, spectra were obtained using 1 nm steps and 2 s integrations when compared with wt DHFR values, this mutant displays and an averaged spectrum was calculated. A buffer baseline reduced activity. scan was subtracted from the averaged protein scan. Spectral
Insertion of the β-blowout in wt DHFR lowers k cat approxidifferences between mutant DHFRs are not due to concentramately fourfold and increases K m(DHF) twofold and K m(NADPH) tion effects as spectra for each individual mutant are readily eightfold. A contextual effect is also seen for the BB insertion duplicated. The mean residue ellipticity was calculated using as in the D27S context, k cat is decreased fourfold, although 111 g/mol as the mean residue molecular weight.
the K m values are not affected. Folate utilization by the BB mutant was briefly assessed to determine if the BB mutation Results can confer increased folate reduction upon E.coli DHFRs since folate utilization is greatly enhanced in mammalian DHFRs Construction and purification of mutants (Posner et al., 1996) . Assays were performed at pH 6.0 since Five different mutant DHFRs were constructed. Wt and D27S the BB mutant precipitates out of solution at pH 5. However DHFR genes carried in M13mp8 were already available the activity measured for the BB mutant was decreased (Howell et al., 1986) and these templates were used to generate substantially when compared with wt E.coli DHFR. the desired mutant proteins.
Interestingly, the V136P ϩ ∆137 mutation has greater effects The D27S ϩ ∆137 mutation was generated using a mixed on the K m values for NADPH and DHF than the insertion of oligonucleotide which changed F137 to all possible amino six residues. The V136P ϩ ∆137 double mutant DHFR has acid residues and was identified by screening for increased greatly altered the K m values for both substrates and hydride resistance to TMP, a potent active-site inhibitor. E.coli infected transfer has become partially rate limiting. Since the kinetic with M13-wt or M13-D27S DHFR show confluent growth in effects of these combined mutations are more severe than just media containing ഛ50 µg of TMP/ml, while infection with deleting F137 itself, the V136P mutation must not compensate M13-D27S ϩ ∆137 DHFR displays growth at 100 µg TMP/ml.
for loss of the β-bulge by twisting the strand as the β-bulge does. Since the insertion of the β-blowout into the wild-type and Isotope effects D27S genes involved deletion of one residue (137) and insertion of seven residues, a 62-mer oligonucleotide was
Comparing k cat values for DHFRs in the wild-type context can annealed to template DNA. The amino acid residues inserted be misleading since the rate-limiting step may no longer be after position 136 are Pro-Glu-Tyr-Pro-Gly-Val-Leu. This release of tetrahydrofolate, as observed for wild-type DHFR sequence is identical with the β-blowout sequence in human (Fierke et al., 1987) . Therefore, primary isotope effects [ D V ϭ DHFR. In chicken and human DHFRs, the middle four residues k cat(NADPH) /k cat(NADPD) ] were evaluated to determine if the form a tight turn and a hydrogen bond occurs between Tyr mutations had altered the rate-determining step. Under steadyand Val (Volz et al.,1982; Davies et al., 1990) . state conditions at pH 7.0, D V µ 1 for wt DHFR, indicating All of the mutant DHFRs display altered mobilities on that hydride transfer is not rate limiting; however using prenon-denaturing PAGE compared with wt and D27S DHFRs, steady-state kinetics or steady-state rates at pH 9 or above, although there is only a slight mobility difference between wt there is a substantial isotope effect ( D V µ 3; Fierke et al., and D27S proteins (data not shown). Expression of the wt and 1987). The D27S DHFR has a D V value of~3 from pH 5 to D27S DHFR genes typically yields 8-25 mg of protein/l of 9, indicating hydride transfer rates have decreased as a result TB media, while the ∆137 and D27S ϩ ∆137 DHFR genes of the mutation and hydride transfer is fully rate limiting. D V yield only 2-4 mg/l. The V136P ϩ ∆137, D27S ϩ BB and values for the wt, ∆137, V136P ϩ ∆137 and BB DHFRs are BB DHFR genes yield 0.3-1 mg/l. The latter three enzymes 1.2, 1.9, 2.5 and 1.2, respectively, at pH 7, indicating that required TMP addition for stabilization of the proteins during hydride transfer has become partially rate limiting for the cell growth and protein purification, as without added TMP, ∆137 and V136P ϩ ∆137 DHFRs. Since k cat has decreased no significant amount of protein was observed. A methotrexate from 29 to 6.7 s -1 , while the NADPD isotope effect remains (MTX) affinity column step removed any bound TMP. Suffiat 1.2 for the BB DHFR, some step other than hydride transfer cient quantities of the D27S ϩ V136P ϩ ∆137 mutant DHFR has slowed down. were not obtained for characterization.
Stopped-flow fluorescence energy transfer experiments were employed to determine the pre-steady-state hydride transfer Steady-state kinetics rates for the ∆137, V136P ϩ ∆137 and BB DHFRs; however, Steady-state kinetic data are listed in Table I for mutant and little to no fluorescence change was observed for the V136P wt DHFRs. Deleting residue 137 has the smallest effect on ϩ ∆137 and BB DHFRs. The hydride transfer rates at pH 7.0 k cat and K m values when compared with the V136P ϩ ∆137
for the wt and ∆137 DHFRs are 238 Ϯ 9 and 125 Ϯ 36 s -1 , and BB DHFRs. The context of the ∆137 mutation appears respectively. The error for the ∆137 DHFR is large as the important as K m (DHF) decreases approximately twofold in the signal is small. D27S ϩ ∆137 DHFR relative to the D27S protein, while
Stopped-flow kinetic analysis K m(DHF) increases threefold in the ∆137 DHFR compared with the wt enzyme. The twofold reduction in K m(DHF) for D27S ϩ Binary complex formation with NADPH is characterized by biphasic binding kinetics (Dunn et al., 1978 ; Dunn and King ∆137 DHFR has been obtained consistently from at least two different protein preparations. And as mentioned above, E.coli 1980; Cayley et al., 1981) . NADPH binding to DHFR can be followed by the time-dependent quenching of the intrinsic cells carrying the D27S ϩ ∆137 DHFR gene grow on YT plates containing 100 µg/ml of TMP, while E.coli cells carrying protein fluorescence at 340 nm which occurs upon complex verified by confirming that k obs is independent of the concentra- et Appleman et al., 1990; Dunn et al., 1990 ).
where E 1 L* formation. The fast phase, which is ligand concentration and E 1 L are different conformational states of enzyme-ligand dependent, is well separated from the slower ligand-independcomplex, could be involved. ent phase. The two phases have been correlated with two
The rates of conversion from E 2 to E 1 for wt and mutant interconvertible forms of the enzyme, E 1 and E 2 . The fast DHFRs are only marginally different (data not shown). The phase represents NADPH binding to E 1 and the slow phase equilibrium between conformers, in the absence of bound represents the conversion of E 2 to E 1 , with only E 1 binding ligands, can be determined from a ratio of the amplitudes from the ligand with high affinity. the slow and the fast phases (equals K 0 ; see Table II ). All the Association and dissociation rate constants can be determutations affect this ratio. However, other mutations affect mined under pseudo-first-order conditions ([L] 〉〉 [E]), since this ratio, thus other regions of the protein also influence the the observed rate constant for the ligand-dependent phase can conformer equilibrium (Adams et al., 1991; Li et al., 1992 ; be approximated by k obs ϭ k on [L] ϩ k off , where k on and k off Huang et al., 1994) . are association and dissociation rate constants, respectively.
Equilibrium folding/unfolding studies Assuming a simple association reaction for a linear plot of k obs versus [L] , the slope is k on and the intercept is k off . Table
The effects of the mutations on the intrinsic stability of DHFR II displays the apparent rate constants determined by this were analyzed by monitoring the equilibrium unfolding/folding method at pH 7.0 for wt and four mutant DHFRs. Significant curves. The urea-induced unfolding transitions of wt and changes are not observed for any of the k on rates. Since only mutant DHFRs were followed by fluorescence spectroscopy. small quantities of the V136P ϩ ∆137, BB and D27S ϩ BB The steady-state emission spectra (300-450 nm) were collected proteins were obtained and a large K m(NADPH) value was at each denaturant concentration, ranging between 0 and 7.5 observed for the V136P ϩ ∆137 DHFR, k on and k off rates M urea. Figure 1A and B show emission spectra for wt and were not determined for these mutant DHFRs.
∆137 DHFRs at different urea concentrations. These spectra Large experimental errors are associated with k off values were then used to calculate the averaged-emission wavedetermined by the above method (Appleman et al., 1990) ; length ϽλϾ. however dissociation rates can also be determined by competiThe equilibrium folding curves for the wt and mutant tion experiments. This involves preincubating DHFR with DHFRs at pH 7.0 are shown in Figures 2 and 3 . The data NADPH followed by rapid mixing of the complex (EL 1 ) with were fit to a two-state model, as reported previously for wt a large excess of NADP ϩ (E·NADP ϩ is EL 2 ) which competes and other mutant DHFRs (Touchette et al., 1986) . The ∆GH 2 O for the NADPH binding sites. The decrease in energy transfer values are shown in Table III . All of the mutant proteins show from the DHFR·NADPH complex upon NADP ϩ binding was decreased stability when compared with the wt and D27S monitored (Dunn et al., 1978) . If there is an adequate change proteins. There is no significant difference between wt and in the fluorescence signal between EL 1 and EL 2 , then an D27S DHFRs. Also shown are the m G (slope) and midpoint exponential rate is observed. This rate is equal to the dissocivalues, where the decreased slopes suggest a decrease in the ation rate constant for L 1 when k off (NADPH) 〈〈 k on (NADPϩ) cooperativity of unfolding and the reduced midpoint values reflect the lowered stability. [NADP ϩ ] 〉〉 k on(NADPH) [NADPH] . These conditions can be Circular dichroism CD spectra of the wt and mutant DHFRs, at pH 7.0, are shown in Figure 4 . Only minor differences are observed between the Fig. 1 . Fluorescence emission spectra for wt and ∆137 DHFRs (excitation 290 nm) as a function of urea concentration. Panels A and B describe wt and ∆137 DHFRs, respectively. Protein concentrations were 10 µM and the cell pathlength was 0.4 cm. For panel B, the total fluorescence intensity initially decreases but later increases. wt and D27S DHFRs, but the V136P ϩ ∆137, BB and D27S ϩ BB DHFRs display decreased CD intensity. This signal loss may be due in part to the decreased stability of the protein such that a substantial portion is unfolded without added ligand. Changes associated with the ∆137 mutation in both the wt and D27S DHFRs are less severe, although differences are noted not only in the position of the curve but also in the shape. Conceivably, these signal changes may coincide with decreased β-strand twist, differences in contributions of aromatic side chains and/or modifications that may result from loss of a β-bulge (Woody, 1995).
Discussion

Insertion and deletion mutations
An insertion or a deletion mutation perturbs the backbone of the protein and is therefore different from a substitution mutation. This fundamental difference might suggest that insertion/deletion mutations are more destabilizing than substitution mutations. However more than 50 insertion mutations in staphylococcal nuclease have been analyzed; the results suggest this enzyme is highly adaptable as the insertion mutations are accommodated in a variety of secondary structures Shortle, 1990, 1992) . Single alanine or glycine insertions have similar effects on stability as alanine or glycine substitutions at sites flanking the insertion sites. Further, insertion of two residues (Gly-Gly or Gly-Ala) have similar stabilities as single residue insertions in most cases. Shortle (1990, 1992) demonstrated that the difference between single insertions (Gly and Ala), double insertions (Gly-Gly and Ala-Gly) and substitution mutations flanking the insertion sites all typically had modest effects on the stability of the protein.
Deletion/insertion of amino acids in helices/strands is proposed to be accommodated by either bulges or register shifts (Sondek and Shortle, 1990) . In the formation of a bulge, the local environment of the deletion/insertion changes while the overall packing interactions are preserved. For the register shift response, numerous amino acids preceding/following the insertion/deletion shift their position by n amino acids and the alternating hydrophilic-hydrophobic character of a β-strand or the 3.6 residues per turn periodicity of a helix is perturbed. Both responses have been observed in crystal structures of Table III . Parameters from fitting the equilibrium folding/unfolding transition of wild-type and mutant DHFRS at pH 7.0
Fig. 3. Equilibrium folding curves for D27S, D27S ϩ ∆137 and D27S ϩ BB DHFRs at pH 7.0. ϽλϾ Values were calculated using Equation 3 and converted to F app (fraction of unfolded protein) to aid comparison. Best fits to Equation 4 are given in Table III . Panel A compares the wt (s and solid line) and D27S DHFRs (u and short dashed line), panel B compares the D27S (u and short dashed line) and D27S ϩ BB DHFRs (, and dotted line) and panel C compares the D27S (u and short dashed line) and D27S ϩ ∆137 DHFRs (∆ and long dashed line).
the tertiary structure of a loop (Hynes et al., 1989; Tramontano et al., 1989) . One factor apparently involved in determining whether loops or register shifts occur is the presence of anchoring interactions (Tramontano et al., 1989; Heinz et al., 1993) . V136, F137, F153 and I155 all surround W30, an active site residue that forms a hydrogen bond to a water molecule that is conserved in all DHFR structures (Brown et al., 1993) . W30 also helps form the binding pocket for DHF and is near D27 and F31, important active site residues (Howell et al., 1986; Huang et al., 1994) . Since both the BB and D27S ϩ BB mutant DHFRs retain substantial activity (when compared with their parent wt and D27S DHFRs), presumably the position of W30 and the active site environment are not drastically altered. Thus it seems likely that looping out of the seven amino acid insertion may have been preferred over a register shift. However, to resolve how the insertion is actually accommodated, the structure would need to be determined. The deletion mutants in E.coli DHFR have most likely deleted the β-bulge as removal of one amino acid would still maintain the alternating hydrophobic-hydrophilic character of the β-strand side chains. The additional substitution of proline for V136 in the ∆137 DHFR was initially conceived as a way to compensate for the loss of strand twist due to deletion of the bulge. However, the D136P ϩ ∆137 DHFR is the least active mutant in the wt DHFR context and it is substantially destabilized. Thus the V136P ϩ ∆137 double mutant has the most perturbed structure, possibly due to loss of both V136 and F137 as anchoring residues. Sufficient quantities of the D27S ϩ V136P ϩ ∆137 mutant DHFR were not obtained for characterization, also consistent with more severe structural perturbation. Again to resolve how these deletions are accommodated, the X-ray structures would need to be determined.
In a parallel series of experiments, several deletion mutants were constructed by Bullerjahn and Freisheim (1992) to investigate the β-blowout area of human DHFR (hDHFR). This area of the structure was investigated as antibody binding studies suggested it was involved in conformational changes upon ligand binding (Ratnam et al., 1988) . Deletion of two residues (del-2; residues 166 and 167) and four residues (del-4, residues 165, 166, 167 and 168) from the β-blowout raises both K m s~10-fold and decreases the specific activity to 38 and 33% with respect to wt hDHFR. Decreased stabilities are observed for the del-2 and del-4 mutant hDHFRs. Removal of residues G164-V169 (del-6) results in a protein which has apparently lost its ability to bind to a MTX affinity column and was therefore not purified. Bullerjahn and Freisheim (1992) concluded that this protein was inactive. These studies residues while maintaining a similar tertiary structure (Ratnam et al., 1988; Bullerjahn and Freisheim, 1992) .
Effects on catalytic function insertion mutants in staphylococcal nuclease and T4 lysozyme All of the insertion/deletion mutations in E.coli DHFR cause (Heinz et al., 1993; Keefe et al., 1993 Keefe et al., , 1994 .
larger effects on catalysis in the wt background compared with Insertion of the seven amino acid human DHFR β-blowout the same mutations in the D27S context. In fact, deletion of sequence into the homologous β-bulge area of E.coli DHFR the β-bulge in the D27S DHFR context is a suppressing (and deletion of F137) may have resulted in a similar β-mutation as the overall k cat /K m is increased approximately blowout conformation such that the middle four residues form twofold compared with the D27S DHFR. In contrast, deleting a tight turn and a hydrogen bond occurs between Tyr and Val.
residue 137 in the wild-type context decreases the hydride However previous studies have indicated that both the specific sequence as well as its context are important in determining transfer rates almost twofold (stopped-flow data) and increases both K m values. Differing effects of the ∆137 mutation in the Hydride transfer rates for the V136P ϩ ∆137 and BB mutant D27S versus wt DHFR contexts indicates conformational DHFRs have not been determined, as there was very little changes have occurred.
to no fluorescence signal observed from the stopped-flow Construction of a series of proteins linked through multiple fluorescence energy transfer experiments. Also the D27S ϩ mutations allows analysis of interactions between specific V136P ϩ ∆137 DHFR was not produced in sufficient quantity amino acid residues (Carter et al., 1984; Ackers and Smith, for characterization. Therefore, linkage sets were not con-1985; Horovitz and Fersht, 1990; Weber et al., 1990; Wells, structed for these mutants. However, other results for the ∆137, 1990). Individual mutations in a protein can act either independ-D27S ϩ ∆137, BB, D27S ϩ BB and V136P ϩ ∆137 DHFRs ently or interactively in a double mutant protein. If the amino indicate conformational changes occur in these proteins. All acid substitutions do not induce alterations in protein structure, have non-additive differences in CD spectra and altered mobilthe kinetic or thermodynamic parameter determined for the ities on non-denaturing PAGE gels. Also the rates of release double mutant will be additive. Simple additivity is not for NADPH for several of the mutant DHFRs are increased, observed when the mutated residues interact with each other, implying long range effects that perturb the NADPH binding by either conformational changes or alterations in the ratesite. Finally, the D27S ϩ ∆137 DHFR double mutant gene limiting step of the reaction.
conferred increased resistance to TMP upon host E.coli, Changes in transition-state stabilization energy can be calcuconsistent with ∆137 being a suppressing mutation of the lated from the following relationship: D27S lesion.
Equilibrium folding/unfolding studies
The wt and D27S DHFRs possess similar folding/unfolding Any additive effects should correlate with increases in k hydride .
curves and ∆GH 2 O values. However the other mutant DHFRs The interaction energy between two different mutations can all display decreased stability. Within error, both the ∆137 be calculated according to deletion and the BB insertion are additive in the wt and D27S
DHFR contexts. Deleting residue 137 decreases ∆GH 2 O bỹ 2.5 kcal/mol while the BB insertion decreases ∆GH 2 O by where ∆∆G (X) and ∆∆G (Y) are the free energy changes associ-~3 .6 kcal/mol. These values are closer to the average value ated with the single X and Y mutations, ∆∆G (X,Y) is the change of -3.8 kcal/mol associated with insertions into loops, turns for the double mutant and ∆G (I) is the interaction energy and irregular structure in staphylococcal nuclease as combetween the mutations (Carter et al., 1984) . When ∆G (I) is pared with a loss of -5.7 kcal/mol for insertions into β-sheets zero, the mutations do not interact and their effects are additive. (Sondek and Shortle, 1990) . Any cavities created by the One mutant DHFR set has been generated where hydride insertion/deletion mutations could serve to destabilize the transfer rates can be compared for all species, i.e. wt, D27S, tertiary structure (Tramontano et al., 1989; Heinz et al., 1993) . ∆137 and D27S ϩ ∆137 DHFRs. The D27S and ∆137
Additionally, the change in ∆GH 2 O could reflect a difference mutations show an interaction energy of -0.33 kcal/mol, in free energy associated with the unfolded states. consistent with conformational changes. Steady-state k cat values Both deletions and insertions at this β-bulge area are for the D27S and D27S ϩ ∆137 DHFRs and stopped-flow destabilizing. Genetic pressure on wt DHFR has apparently measurements for the wt and ∆137 DHFRs yielded hydride ensured that its stability is sufficient for survival. Presumably transfer rates for this comparison. If k hydride /K m (DHF) values compensatory interactions are present that stabilize the β-bulge are compared, the interaction energy becomes -1.5 kcal/mol in wt E.coli DHFR. as the ∆137 mutation causes opposite effects on DHF Since the β-bulge is present in bacterial DHFRs and becomes K m values in the wt and D27S DHFR contexts. When a β-blowout in mammalian DHFRs, it may be functionally as k on /k off (competition) values for NADPH binding are compared, well as structurally important. The observation that ∆137 as an interaction energy of -0.73 kcal/mol is obtained for the well as F137S, F153S and I155N mutations (Howell et al., D27S and ∆137 mutations. While the interaction energy for 1990; Dion et al., 1993) are suppressing mutations for D27S the k hydride comparison is small and possibly within experi-DHFR suggests that even though this β-bulge is distant from mental error, the other two interaction energies are larger and the active site, it is important in catalytic function. This result not within error. Varying interaction energies may correlate suggests that the classically defined active site is too narrow with disparate effects of the mutations on different enzyme and should be broadened to encompass more of the protein conformations along the reaction pathway (Wagner et al., structure. 1995) .
These mutants illustrate the adaptability of molecular strucThe conformational differences within the wt, D27S, ∆137 ture. Insertions at or deletion of residues in the β-bulge and D27S ϩ ∆137 DHFR set are not known. Little more than sequence are accommodated by a 2.5-3.6 kcal/mol loss in a simple side-chain substitution has been observed between stability. These values lie within the range observed by Sondek the wt and D27S DHFR X-ray structures in complex with and Shortle for insertion mutations (∆∆GH 2 O range of -0.8 methotrexate (Howell et al., 1986) . Brown et al. (1993) to Ͻ-8.0; Shortle, 1990, 1992) as well as the reported that the effect of a F137S suppressing mutation on observed range for 103 point mutants of staphylococcal the wt DHFR structure was also minimal, whereas the F137S nuclease (∆∆GH 2 O range of 0 to -4.8 kcal/mol; Green et al., mutation displays an extended structural perturbation on D27S 1992). Fewer point mutations in E.coli DHFR have been DHFR. In particular, the F137S substitution affects the indole generated, although mutations that destabilize the protein by ring of a nearby residue, W30, allowing it to flip nearly 180°2
.8 kcal/mol have been observed (Perry et al., 1987 ; Garvey in D27S DHFR. This results in loss of an active site water and Matthews, 1989) as well as a deletion mutation that molecule and a perturbation of helix αB (residues 24-35).
destabilizes the protein by 2.9 kcal/mol (∆V88; Ahrweiler and Whether similar structural affects occur in the ∆137 and D27S ϩ ∆137 DHFRs is not known.
Frieden, 1991).
